Thomas M. Marchitto, 4 Braddock K. Linsley 3 Tropical Pacific Ocean dynamics during the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA) are poorly characterized due to a lack of evidence from the eastern equatorial Pacific. We reconstructed sea surface temperature, El Niño-Southern Oscillation (ENSO) activity, and the tropical Pacific zonal gradient for the past millennium from Galápagos ocean sediments. We document a mid-millennium shift (MMS) in ocean-atmosphere circulation around 1500-1650 CE, from a state with dampened ENSO and strong zonal gradient to one with amplified ENSO and weak gradient. The MMS coincided with the deepest LIA cooling and was probably caused by a southward shift of the intertropical convergence zone. The peak of the MCA (900-1150 CE) was a warm period in the eastern Pacific, contradicting the paradigm of a persistent La Niña pattern.
T he tropical Pacific Ocean exerts a major influence on global climate through the interannual El Niño-Southern Oscillation (ENSO) (1) and Pacific Decadal Oscillation (PDO) (2) . However, its role on centennial to millennial time scales remains unclear. Recent evidence that a cool eastern equatorial Pacific (EEP) played a key role in the global warming slowdown of the past~15 years (3, 4) emphasizes the need to understand tropical Pacific climate in the recent past. During the last millennium, Northern Hemisphere (NH) climate evolved from a warm Medieval Climate Anomaly (MCA) (~900-1450 CE) into a substantially colder Little Ice Age (LIA) (~1450-1850 CE), followed by modern warming (5-7). In the tropics, the MCA-to-LIA transition exhibited a weakening of the East Asian summer monsoon (8, 9) , a southward shift of the Atlantic and Pacific intertropical convergence zones (ITCZs) (10, 11) , and sea surface cooling in the western Pacific warm pool (WPWP) (12, 13) . Notably absent, however, are contemporaneous records of sea surface temperature (SST) from the ENSO-sensitive and dynamically important cold tongue of the EEP. Without such records, any dynamical connections between basin-scale tropical Pacific processes and NH climate cannot be properly diagnosed.
It has been hypothesized that an "ocean dynamical thermostat" (14) response of the EEP to solar and volcanic forcing induced a cool, La Niña-like mean state during the MCA and a warmer, El Niño-like state during the LIA (6). This hypothesis has found some support in central Pacific corals (15) , North American tree rings documenting medieval megadroughts (16) , and multiproxy climate field reconstructions (6) . In each of these cases, however, direct confirmation from the EEP has been lacking. Insights into past ENSO variability have also remained elusive and are mostly based on discontinuous corals and remote treering records (15) (16) (17) (18) . Here we address these data limitations with climate reconstructions from the heart of the EEP cold tongue. We present continuous, multidecadally resolved estimates of local SST, basin-wide zonal SST gradient, and ENSO activity from Galápagos marine sediments over the period~1000-2009 CE.
Our primary data sets were developed from an ocean multicore (KNR195-5 MC42C) retrieved in 2009 near Española Island in the Galápagos (01°15.18′S, 89°41.13′W, 615 m depth) (Fig. 1) . Undisturbed recovery of the sediment-water interface and detection of bomb radiocarbon confirm that the core top is modern (19) . Sedimentation rates averaged 13 cm/ky over the past millennium. Detection of a modern 0.3-per mil (‰) carbon isotope (d 13 C) depletion, or Suess effect ( fig. S9) , further corroborates the presence of a modern core top and core integrity and argues against substantial signal attenuation by bioturbation (19) . The core was slabbed continuously in subcentimeter slices representing~20-to 80-year periods. We analyzed Mg/Ca ratios of the mixedlayer foraminifera Globigerinoides ruber (white) as a proxy for mean SST. We also analyzed d O c variance related to ENSO activity (20, 21 (19) .
Our Mg/Ca record reveals systematic changes in eastern Pacific SST of~1°C (Figs. 2C and 3D ). Warm SSTs characterize the peak of the MCA (~900-1150 CE), coeval with NH warmth (Fig.  3C ). The timing of this warm period is firmly constrained by a calibrated 14 C age at 1139 CE (1108-1172 CE, 1s range) (Fig. 2) . This finding contrasts with a previously hypothesized dynamical La Niña state for the MCA (6) . To further test this hypothesis, we used reconstructed WPWP SSTs (Fig. 3E ) and our Galápagos record to compute the zonal SST gradient. During~900-1150 CE, the zonal gradient was similar to that of the 20th century. This finding does not support an anomalous La Niña-like state; instead, warm SSTs were generally present during this period in both the east and west, in phase with NH warmth.
After peak MCA warmth, Galápagos SSTs cooled by~1°C (±0.3°C, 1s) between~1150 and~1500 CE. An anomalous strong zonal SST gradient became established during this period (Fig. 3F ), largely due to more rapid cooling in the east versus the west. This enhanced zonal gradient is evidence of dynamical changes in Pacific circulation and supports the notion of a cool, La Niña-like mean state. However, the timing of this anomalous tropical Pacific mean state (~1150-1500 CE, ±30 years, 1s) postdated peak NH MCA warmth and was instead associated with transitional NH cooling into the LIA. The origin of this dynamical anomaly remains unclear. Volcanic and solar forcing (Fig.  3 , A and B) indicate an increase in volcanism in the late 12th century followed by a decrease in solar activity in the 13th century, but overall correlations between these forcings and SSTs are poor. In light of decreasing external forcing, the observed EEP cooling and enhanced zonal gradient are not consistent with an ocean dynamical thermostat mechanism (6, 14) . After~1500 CE, the EEP cooling trend ended and local SSTs began to increase and become more volatile, signaling a shift in the dynamical character of the EEP (Fig. 3D) . Beginning in the 16th century, an anomalous weak zonal gradient was established as the WPWP continued to cool but the EEP trend reversed from cooling to warming (Fig. 3 , D to F). This reversal occurred as the NH descended into the coldest portion of the LIA in the 16th and 17th centuries ( Fig. 3C ) and lasted into the mid-19th century. Throughout most of the LIA, the zonal gradient remained reduced, evoking an extended El Niño-like mean state (6) . This state appears to have ended with renewed WPWP warming in the early 20th century.
The record of d
18
O c from single-shell G. ruber allows us to test for ENSO modulation in association with the above mean state shifts. Figure  2A events in these data is possible only for very strong negative (El Niño) and positive (La Niña) outliers. For example, our data identified strong negative outliers suggestive of the historic El Niños of [1997] [1998] [1982] [1983] , and 1876-1877 ( Fig. 2A) , although one-to-one correspondence of any of our data with specific events is beyond the method's capability (19) . For more modest anomalies, however, we can only assign probabilities that they represent ENSO events. To this end, we used historical ENSO events and monthly reanalysis data to calculate that d 18 O c values exceeding a ±1‰ departure from the mean have a >87% probability of occurring during El Niño and a 100% probability of occurring during La Niña ( Fig. 2A) (19) . The frequency of these high-probability ENSO outliers shows clear modulation through time. For example, warm and cold outliers from the period 1500-1850 CE occurred 2.3 times more frequently than those from the period 1150-1500 CE (normalized to sample size). Bootstrap analysis with varying sample size confirms significant differences in outlier frequency between these two periods ( fig. S7 ). Such high-probability ENSO outliers are the largest driver of the integrated d
18 O c V signal (Fig. 2B ), justifying its interpretation as an ENSO index.
The pattern of d
O c V during the millennium (Fig. 2B) shows marked similarity with Mg/Ca SSTs (correlation coefficient R = -0.43, P < 0.05) (Fig. 2C) , considering that these data sets are entirely independent and based on different geochemical proxies and separate foraminifera samples. A conspicuous feature of both is a mid-millennium (~1500 CE) change in the proxy character. When d
O c V is compared with the reconstructed SST gradient (Fig. 3, F and G) , an inverse correlation is evident. Taking into account our age-model uncertainty, Monte Carlo analysis shows an average correlation of R = -0.55 with P < 0.05 in >95% of realizations ( fig. S8 ). This result implies a fundamental association between a weaker zonal gradient and strong ENSO variability, and vice versa. The LIA (~1500-1850 CE) stands out as a period with high d
O c V and, by inference, greater ENSO activity. The LIA also shows unusual general volatility with large century-scale swings in mean EEP SST (Fig. 3D ) and d
O c V (Fig. 3G) . In contrast, the preceding period (1150-1500 CE) had the lowest ENSO activity of the millennium and was less volatile. Compared with the LIA, this state had 20% less d
O c variance (F test: P < 0.05; BrownForsythe test: P < 0.05) and a 1.0°to 1.5°C stronger zonal gradient. Because the ENSO variance in our data is superimposed on a large annual cycle, this 20% change in d
O c V potentially signifies a much greater change in ENSO variability. To further quantify this, we modeled the effect of ENSO on d
18 O c V. By holding the seasonal cycle constant to its modern value and varying the amplitude of ENSO anomalies in the instrumental era, we calculated that a 20% decrease in total variance required a~55% decrease in ENSO amplitude. We conclude from these comparisons that the~350-year periods preceding and following 1500 CE represent fundamentally different dynamical states. The basin-wide tropical Pacific appears to have toggled between these states during a mid-millennium shift (MMS) that unfolded over the 16th and early 17th centuries.
The MMS occurred as the NH descended into the coldest portions of the LIA, leading us to consider a NH trigger through atmospheric mechanisms. The tropical atmosphere is dominated by the seasonally migrating ITCZ. Evidence linking the ITCZ to hemispheric warming and cooling cycles is widespread throughout the last glacial period (22) and implicates southward ITCZ displacements during NH cold periods, consistent with theory and models (22, 23) . We propose . Red circles denote sensu stricto (ss) and blue squares sensu lato (sl) morphotypes, which together capture the correct mean, variance, and skewness of historical SST data (19) . Age control points are represented by black diamonds (top), with black whiskers denoting 1s age uncertainty for 14 C ages. The multicore top is assumed to be modern (2009). Horizontal dashed lines at ±1.0‰ from the mean denote highprobability El Niño and La Niña events outside this range. d that the same mechanism operated during the MMS as LIA cooling intensified. A southward shift of the ITCZ during the MCA-LIA transition has been proposed for the Atlantic (10), western Pacific (12), central Pacific (11) , and the Peruvian Andes (24) . Evidence for increasing precipitation off the coast of Panama after 1700 CE likely signals the northward return of the ITCZ (25) from its more southerly LIA position. A southward ITCZ shift at~1500 CE naturally integrates these observations with our findings of EEP warming and reduced zonal gradient across the Pacific. This is fundamentally the same type of oceanatmosphere adjustment that accompanies individual El Niño events as the ITCZ shifts south over anomalous equatorial surface ocean warming. Under a more southerly ITCZ, cross-equatorial southeast trade-wind stress in the EEP diminishes, leading to weaker cold-tongue development (Fig. 1A) and reduced zonal gradient. Our results suggest that the onset of similar conditions during the MMS was accompanied by dynamical excitation of ENSO activity, a finding that is corroborated by coral ENSO evidence from the 17th century (15) . The relationship between the zonal SST gradient and ENSO variability is central to the understanding and modeling of basin-scale tropical Pacific dynamics. Some models support an intrinsic relationship between a weak zonal gradient and high ENSO variance (26) , in accordance with our results. However, a general divergence of ENSO and tropical Pacific climate responses in 21st-century model simulations (27) highlights the need for further insight from past reconstructions.
Our reconstruction extends into the 21st century and offers a millennial-scale perspective on modern conditions. Modern SSTs are the highest of the millennium, yet they are within error of peak MCA values and thus are not unprecedented. Modern d
O c V values are intermediate between the millennium maxima and minima and therefore do not support unusual ENSO activity. The event tentatively matched to the 1997-1998 El Niño has no precedent in the earlier part of the millennium ( Fig. 2A ), but as a single event it does not establish a pattern. A warming trend in the EEP appears to have followed the end of the LIA (~1850 CE), although it is coarsely resolved in our sediment record and must be viewed cautiously. Such warming is not evident in gridded instrumental data for our site; however, these data are subject to considerable ambiguity (28, 29) . The warming trend now places the EEP on a parallel trajectory with NH climate since 1850 CE, in contrast with its out-of-phase relationship during the LIA. Thus, the EEP-NH in-phase relationship that existed during peak MCA warmth appears to be reestablished. The factors that induced dynamical changes in the Pacific's zonal gradient between 1150 and 1850 CE were seemingly not at play during peak MCA and may have again become disengaged in modern times. The in-phase relationship between the EEP and NH during the warmest times of the millennium (peak MCA and present) requires an explanation and may simply mean that the ITCZ is too far removed from the equator to exert dynamical influence, allowing broader-scale thermodynamics to become dominant. Microbial sulfate reduction has governed Earth's biogeochemical sulfur cycle for at least 2.5 billion years. However, the enzymatic mechanisms behind this pathway are incompletely understood, particularly for the reduction of sulfite-a key intermediate in the pathway. This critical reaction is performed by DsrAB, a widespread enzyme also involved in other dissimilatory sulfur metabolisms. Using in vitro assays with an archaeal DsrAB, supported with genetic experiments in a bacterial system, we show that the product of sulfite reduction by DsrAB is a protein-based trisulfide, in which a sulfite-derived sulfur is bridging two conserved cysteines of DsrC. Physiological studies also reveal that sulfate reduction rates are determined by cellular levels of DsrC. Dissimilatory sulfate reduction couples the four-electron reduction of the DsrC trisulfide to energy conservation.
T he biogeochemical sulfur cycle is driven by microbial processes, the most prominent of which is dissimilatory sulfate (SO 4 2-) reduction (DSR) by marine microorganisms. DSR imparts a strong signature in the stable sulfur isotopes that is commonly used to trace sulfur cycling and Earth's relative redox state in both ancient and modern environments (1). This respiratory microbial process, performed only by sulfate-reducing bacteria and archaea, has similarity to assimilatory sulfate reduction performed by many prokaryotic and eukaryotic organisms. Both pathways of sulfate reduction ( fig. S1 ) include (bi)sulfite (HSO 3 -/SO 3 2-) reduction as a critical step, performed by siroheme sulfite reductases (2, 3) . The dissimilatory sulfite reductases, the most widespread of which is DsrAB (3) (4) (5) , are found in prokaryotes with a sulfurbased energy metabolism.
DsrAB is a heterodimer of the phylogenetically related DsrA and DsrB subunits. In vitro, sulfite reduction by DsrAB produces a mixture of products, ), and sulfide (HS -/S 2-) (6). Whether DSR involves the direct six-electron reduction of sulfite to sulfide by DsrAB, or whether trithionate and thiosulfate are necessary intermediates ( fig. S2 ) (6) , remains an open question. This key question shapes both biochemical and geochemical models of sulfur cycling (7, 8) because DsrAB is believed to be a major player in determining sulfur isotope fractionations associated with DSR (9). Furthermore, sulfite reduction is coupled to chemiosmotic energy transduction, harnessing the free energy of reducing sulfite to sulfide (DG o ' = -172 kJ/mol for HSO 3 -
/HS
-reduction with H 2 ). However, DsrAB is not a membraneassociated protein, leaving the mechanism by which energy is conserved during sulfite reduction unresolved. The crystal structure of DsrAB from Desulfovibrio vulgaris (10) revealed a complex with DsrC, a small protein with a highly conserved C-terminal arm that inserts into a cleft between DsrA and DsrB. The arm contains two strictly conserved cysteines: the penultimate residue (Cys A ), and another located 11 residues before (Cys B ) ( fig. S3 ) (11) . Cys A was found positioned next to the DsrAB substrate-binding site, suggesting a role in catalysis (10) . Moreover, all genomes containing the dsrAB genes also encode dsrC (11), which is among the most highly expressed sulfur energy metabolism genes in isolated organisms (12) and metatranscriptomes (13, 14) . DsrC is also closely related to TusE, a sulfur-trafficking protein involved in persulfide-driven thiolation of tRNAs (11, 15) . Together, these observations strongly suggest that DsrC plays a central role in DSR.
Here, we report biochemical, genetic, and physiological evidence that elucidates the role of DsrC. For the in vitro experiments, we used DsrAB and DsrC from the thermophilic archaeon Archaeoglobus fulgidus because DsrAB can be isolated from this organism separate from DsrC (16, 17) , unlike in Desulfovibrio (10). In these experiments, reduced DsrC causes a strong increase
